Aim/hypothesis Hepatic forkhead box q1 (FOXQ1) expression levels are regulated by nutritional and pathophysiological status. In this study we investigated the role of FOXQ1 in the regulation of hepatic gluconeogenesis. Methods We used multiple mouse and cell models to study the role of FOXQ1 in regulating expression of gluconeogenic genes, and cellular and hepatic glucose production. Results Expression of hepatic FOXQ1 was regulated by fasting in normal mice and was dysregulated in diabetic mice. Overexpression of FOXQ1 in primary hepatocytes inhibited expression of gluconeogenic genes and decreased cellular glucose output. Hepatic FOXQ1 rescue in db/db and high-fat diet-induced obese mice markedly decreased blood glucose level and improved glucose intolerance. In contrast, wildtype C57 mice with hepatic FOXQ1 deficiency displayed increased blood glucose levels and impaired glucose tolerance. Interestingly, studies into molecular mechanisms indicated that FOXQ1 interacts with FOXO1, thereby blocking FOXO1 activity on hepatic gluconeogenesis, preventing it from directly binding to insulin response elements mapped in the promoter region of gluconeogenic genes. Conclusions/interpretation FOXQ1 is a novel factor involved in regulating hepatic gluconeogenesis, and the decreased FOXQ1 expression in liver may contribute to the development of type 2 diabetes.
Introduction
Hepatic gluconeogenesis is absolutely required for survival during prolonged fasting, however, abnormal elevation of hepatic glucose production contributes to fasting hyperglycaemia in diabetes [1] . Efforts to uncover the molecular mechanisms that control hepatic gluconeogenesis are crucial for the development of new strategies for the treatment of diabetes [2] . The expression of key gluconeogenic genes, Pck1 and G6pc, which encode phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), respectively, is controlled at the transcriptional level by hormones, including insulin, glucagon and glucocorticoids [3, 4] . In contrast, insulin inhibits hepatic gluconeogenesis by negatively regulating transcriptional factors, including FOXO1 and PGC-1α [2, [5] [6] [7] [8] [9] [10] .
Forkhead box O1 (FOXO1 [also known as forkhead transcription factor, FKHR]) acts as a cardinal regulator of wholebody energy homeostasis [11] . FOXO1 contains highly conserved Akt phosphorylation sites (Thr24, Ser253 and Ser316). Phosphorylated FOXO1 induced by increased insulin levels is excluded from the nucleus, thereby decreasing its transcriptional activity [5, 12, 13] . In contrast, the decreased blood insulin levels during fasting promote FOXO1 nuclear localisation, where it collaborates with peroxisome proliferator-activated receptor, γ, co-activator 1 α (PGC-1α) to increase the expression of the key gluconeogenic genes, Pck1 and G6pc, via direct binding to insulin response elements (IREs) in their promoters [2, 11, 14, 15] . Hepatic FOXO1 deficiency in mice impairs fasting-induced gluconeogenesis, subsequently leading to lowered blood glucose level [8] .
FOXQ1 (also known as hepatic nuclear factor-3 homolog-1, HFH1), a member of the FOXQ subfamily, is expressed in multiple tissues, including kidney, stomach, liver, bladder and other tissues [16] [17] [18] . FOXQ1 has a role in hair follicle development and FOXQ1 mutant mice have a silky shiny coat appearance [17] . Mice with FOXQ1 deficiency exhibit a lack of gastric acid secretion [19] . Accumulating evidence suggests that increased FOXQ1 expression is correlated with metastasis and poor prognosis for multiple human cancers, including breast cancer, colon cancer and lung cancer [20] [21] [22] [23] .
In this study, we investigate the role of FOXQ1 in the regulation of hepatic glucose metabolism.
Methods
Animals and experimental design Male db/db mice and C57BL/6J mice at 8-9 weeks of age were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and housed and maintained in a 12-h light and dark photoperiods.
Mice were randomised and experimenters were blind to group assignment. db/db mice used for study were greater than 39 g in weight and had blood glucose levels over 15.1 mmol/l. Mice were injected with adenovirus containing green fluorescent protein (Ad-gfp), adenovirus expressing Foxq1 (Ad-Foxq1), short-hairpin RNA (shRNA) control adenovirus expressing shRNA against luciferase (Ad-shCtrl) or adenovirus expressing shRNA against Foxq1 (Ad-shFoxq1; see below for further methodology details). Then, 7-8 days after infection, mice were fasted for 6 h and their livers were collected for further analysis.
Preparation of expression plasmids and recombinant adenoviruses
The full-length mouse Foxq1 or Foxo1 gene was amplified by PCR from C57BL/6J mouse liver cDNA. The myc-tagged Foxq1 was cloned into pcDNA3.1(Invitrogen, Carlsbad, CA, USA). A flag-tag at the C-terminus of Foxo1 was constructed into pAd-Track-CMV (Addgene, Cambridge, MA, USA). Specific primers are shown in ESM Methods. Recombinant adenoviruses expressing Foxq1 or Foxo1 were generated as previously described [24] .
The myc-haemagglutinin-(HA-)Foxo1 expression plasmid was a kind gift from D. Accili (Columbia University, New York, NY, USA).
RNA interference shRNA adenoviruses were prepared according to previously described methods [24] . The sequences of small interfering RNA transcribed from Ad-shCtrl and AdshFoxq1 are shown in ESM Methods.
Quantitative real-time PCR Total RNA was isolated from cells or pulverised liver using TRIzol (Invitrogen). Quantitative PCR (qPCR) was performed as previously described [25] . mRNA levels for specific genes were normalised to β-actin mRNA levels and expressed relative to their mRNA levels from control samples. Specific primers are shown in ESM Methods.
Western blot analysis Western blot assays were performed as previously described [25] using antibodies specific for rabbit anti-PGC-1α (1:2000), rabbit anti-G6Pase (1:1000), mouse anti-Flag (1:2000), mouse anti-c-Myc (1:5000), rabbit anti-FOXO1 (1:2000) and mouse anti-β-actin (1:2000). A polyclonal antibody against FOXQ1 (1:700) was generated in our laboratory by immunising rats with glutathione S-transferase (GST)-full-length FOXQ1 fusion protein. See ESM methods for antibody details.
Cell culture and treatment Primary mouse hepatocytes were isolated from the livers of male C57BL/6J mice (8 weeks old) and cultured as previously described [25] . Mouse hepatocytes were infected with indicated adenoviruses. Twenty-four h (for Ad-Foxq1 and Ad-gfp treatment) or 48 h (for Ad-shFoxq1 and Ad-shCtrl treatment) after infection, cells were cultured in serum-free medium and treated with or without dexamethasone (DEX; 1 μmol/l; Sigma-Aldrich, St. Louis, MO, USA) and forskolin (FSK; 10 μmol/l; Sigma-Aldrich) for 6 h prior to harvest for further analysis.
Analytical procedures and chemicals Blood glucose values were determined using a glucometer (One Touch Ultra; LifeScan, Milpitas, CA, USA). Serum concentrations of triacylglycerol, cholesterol, NEFA, alanine transaminase (ALT) and aspartate aminotransferase (AST) were determined using an automated Monarch device ( Instrumentation Laboratory, Lexington, MA, USA). Serum insulin concentrations were determined by ELISA (R&D Systems, Minneapolis, MN, USA).
In vivo glucose-, insulin-and pyruvate tolerance tests For in vivo infections, adenoviruses (Ad-gfp, Ad-Foxq1, AdshCtrl or Ad-shFoxq1) were delivered by tail vein injection into db/db, diet-induced obese mice (DIO) or control mice, both from a C57BL/6J mice. Five days after injection, mice were injected with D-glucose (1-2 g/kg) or pyruvate sodium (1-1.5 g/kg) via i.p. injection after 16 h fasting, and blood glucose levels were determined using a glucose monitor. For the insulin tolerance test (ITT), mice were injected with insulin (0.5-0.75 U/kg) via i.p. injection after 6 h fasting.
Luciferase reporter gene assay Luciferase reporter gene was cotransfected into HepG2 cells, together with other expression plasmids, as indicated. A Renilla luciferase expression vector, pCMV-RL-TK (Promega, Madison, WI, USA), was used as an internal control to adjust for transfection efficiency. After 48 h , cells were harvested to assess luciferase activity using the Dual Luciferase Reporter Assay System (Promega). Relative luciferase activity was corrected for Renilla luciferase activity of pCMV-RL-TK and normalised to the control activity.
Electromobility shift assay Electromobility shift assay ( E M S A ) w a s p e r f o r m e d u s i n g t h e L i g h t S h i f t Chemiluminescent EMSA kit (Pierce, Appleton, WI, USA) as previously described [26] . Briefly, HEK293A cells were transfected with FOXO1, FOXO1+FOXQ1 and FOXQ1 expression plasmids. Nuclear proteins were extracted according to the manufacturer's protocol (Pierce). Biotin-labelled, double-stranded oligonucleotides containing the wild-type IRE of the G6pc promoter were incubated with or without nuclear extracts. The protein-DNA complexes were detected with chemiluminescence reagent. Specific primers are shown in ESM Methods.
Glucose production assays Primary mouse hepatocytes were infected with indicated adenovirus for 48 h and the glucose concentration in the medium was measured with a colorimetric glucose assay kit (Sigma-Aldrich).
Chromatin immunoprecipitation assay Primary mouse hepatocytes were infected with indicated adenovirus for 24 h, then treated with RPMI 1640 medium plus DEX and FSK for 2 h. Cells were lysed and sonicated as previously described [27] . The protein-DNA complexes were immunoprecipitated with mouse IgG antibodies (control) or anti-FOXO1 antibody. The promoter region of G6pc containing the IRE was amplified by qPCR using specific primers shown in ESM Methods.
Co-immunoprecipitation experiments Myc-tagged FOXQ1 and myc-HA-tagged FOXO1 or flag-tagged FOXO3 were transfected into HEK293A cells. Whole cell lysates, prepared after 36 h transfection, were incubated overnight with antibodies against FOXQ1 or Myc at 4°C followed by treatment with protein G agarose beads (GE Healthcare Life Sciences, Fairfield, CT, USA) for 2 h. The immunoprecipitates were immunoblotted with antibodies against FOXO1 or flag.
GST pull-down assay GST-full-length FOXQ1 fusion protein was expressed in BL21 (DE3) strain of Escherichia coli using the pGEX-4T-1 vector (GE Healthcare Life Sciences). The GST fusion protein was purified with glutathione sepharose 4B (GE Healthcare Life Sciences). Myc-HA-tagged FOXO1 or flag-tagged FOXO1 fragments plasmids were transfected into HEK293A cells. Whole cell lysates were collected and mixed with glutathione sepharose-bound GST-FOXQ1 overnight at 4°C with gentle rocking. The glutathione sepharose beads were washed five times with lysis buffer, and immunoblotted using antibodies against FOXO1 or Flag (see ESM Methods for antibody details).
Statistical analysis Data are presented as means ± SEM and were compared between or among groups by a two-tailed unpaired Student's t test or by a one-way ANOVA, followed by a Fisher least significant difference test. A value of p < 0.05 was considered statistically significant.
Results
Hepatic Foxq1 gene expression is regulated by nutritional status and is dysregulated in diabetic and DIO mice Multiple forkhead transcription factors, including FOXO1, FOXA2 and FOXC2, have been shown to be involved in glucose and lipid metabolism [28, 29] . However, whether and how the other FOX family members control systemic metabolism remains largely unclear. To identify potential FOX genes involved in dysfunctional hepatic glucose and lipid homeostasis in diabetes and obesity, we first systematically studied the expression of the FOX family members in the livers of db/db mice, a widely used type 2 diabetic model (ESM Table 1 ). Our qPCR and western blot results revealed that the expression levels of FOXQ1 were markedly decreased in the livers of db/db mice compared with db/+ control mice (Fig. 1a) . In contrast, gluconeogenic genes, including Pgc-1α, G6pc and Pck1, showed an opposite expression pattern in db/db mice. In addition, we observed that hepatic Foxq1 mRNA levels were also reduced in high-fat DIO mice (from a C57BL/6J background) compared with mice fed a normal chow diet (Fig. 1b) .
Next, we studied whether the expression of hepatic FOXQ1 could be regulated by nutritional status. Prolonged fasting (24 h) led to a decrease in mRNA and protein levels of FOXQ1 in the livers of wild-type C57BL/6J mice (Fig. 1c) . However, genes involved in gluoneogenesis, including Pgc-1α, G6pc and Pck1, were markedly induced during prolonged fasting conditions (Fig. 1c) . Additionally, shortterm fasting (6 h) also decreased hepatic Foxq1 mRNA levels (ESM Fig. 1 ). Our data imply a strong correlation between FOXQ1 expression and glucose metabolism in the liver.
To identify potential triggers of FOXQ1 repression under fasting and pathophysiological conditions, primary hepatocytes were isolated and treated with FSK and DEX. FSK increases cAMP levels, thereby mimicking the effect of both glucagon and catecholamines on glucose production in hepatocytes. DEX mimics the effects of glucocorticoids, activating the gluconeogenic programme [3] . Consistent with the previous report, the treatment of cells with these hormones markedly induced expression of gluconeogenic genes ( Fig. 2a) , while this treatment significantly decreased the expression of Foxq1 (Fig. 2a) . To further discern the effect of FSK and DEX on Foxq1 expression, we treated primary hepatocytes with these hormones, either individually or in combination. As a result, treatment with DEX alone significantly decreased FOXQ1 expression, while FSK alone had a minimal effect. Additionally, insulin did not significantly affect FOXQ1 expression (ESM Fig. 2a ). These data suggest that glucocorticoids sufficiently regulate Foxq1 expression in a cell-autonomous manner.
To test the functional significance of FOXQ1 expression in the gluconeogenic programme, primary mouse hepatocytes were isolated and infected with Ad-Foxq1 expressing myctagged Foxq1. Western blot results indicated this adenovirus effectively induced expression of the FOXQ1 protein (Fig. 2b) . Ad-Foxq1 treatment significantly inhibited the expression of gluconeogenic genes in primary hepatocytes in the presence of FSK and DEX (Fig. 2c) . Accordingly, the forced expression of FOXQ1 markedly decreased glucose production in hepatocytes exposed to FSK and DEX (Fig. 2d) . To further explore the role of FOXQ1 in mediating effects of DEX and FSK on gluconeogenic genes, we treated primary hepatocytes with Ad-shFoxq1 expressing FOXQ1-specific shRNA. Knockdown of FOXQ1 increased expression of gluconeogenic genes in the absence or presence of DEX and Hepatic overexpression of FOXQ1 alleviates hyperglycaemia and improves glucose tolerance in db/db diabetic and DIO mice We next hypothesised that hepatic FOXQ1 deficiency contributes to the hyperglycaemic phenotype in diabetic mice and that FOXQ1 rescue would sufficiently restore glucose homeostasis. To test this hypothesis, we injected Ad-Foxq1 into db/db mice via the tail vein, which led to an increase in FOXQ1 expression levels in the liver (Fig. 3a) , but did not affect FOXQ1 expression in the other tissues examined, including muscle and abdominal white adipose tissue (data not shown). Consistent with the results obtained in primary hepatocytes, the overexpression of FOXQ1 in mouse liver suppressed the expression of gluconeogenic genes, including Pgc-1α, G6pc and Pck1 (Fig. 3a) . Subsequently, Ad-Foxq1 infection in the liver lowered fasting blood glucose and insulin levels compared with control (Ad-gfp treatment of db/db mice) (Fig. 3b,c) . The glucose tolerance test (GTT) experiments indicated that hepatic overexpression of FOXQ1 caused a significant improvement in glucose excursion after glucose challenge (Fig. 3d) . We also evaluated insulin tolerance and pyruvate tolerance in these mice. Notably, although blood glucose levels at each time point examined in these experiments in Ad-Foxq1-infected db/db mice were lower than that in control Ad-gfp -infected db/db mice, overexpression of FOXQ1 in db/db mice did not alter insulin sensitivity and pyruvate tolerance test (Fig. 3e,f) , since baseline glucose levels in these mice were lower than those in control mice. In addition, FOXQ1 rescue in the livers of db/db mice did not significantly affect body weight, circulating or hepatic cholesterol, and NEFA concentration. However, FOXQ1 overexpression significantly reduced hepatic and serum triacylglycerol levels, and liver weight/body weight ratio (ESM Table 2 ). We also explored the molecular mechanism underlying the FOXQ1-mediated decrease in hepatic and serum triacylglycerol levels. We found that hepatic FOXQ1 overexpression markedly inhibited expression of lipogenic genes, including Srebp-1c (also known as Srebf1), Fas and Acc (ESM Fig. 3) . Similar results were observed in DIO mice (ESM Fig. 4 ). Hepatic FOXQ1 rescue in DIO mice suppressed the expression of gluconeogenic genes, decreased blood glucose levels, improved glucose tolerance (Fig. 4a-c) , and reduced hepatic triacylglycerol levels (ESM Table 3 ). However, FOXQ1 overexpression did not alter insulin sensitivity (Fig. 4d) .
Together, these results suggest that hepatic FOXQ1 rescue in db/db diabetic and DIO mice inhibits hepatic gluconeogenesis, eventually resulting in reduced blood glucose levels and improved glucose intolerance.
Hepatic silencing of FOXQ1 increases the gluconeogenic programme in wild-type C57BL/6 J mice To further confirm the inhibitory effects of FOXQ1 on hepatic glucose production, we generated an adenovirus expressing Foxq1-specific shRNA (Ad-shFoxq1) and injected Ad-shFoxq1 into normal C57BL/6 J mice via the tail vein. The injection of AdshFoxq1 significantly reduced hepatic Foxq1 expression levels compared with the Ad-shCtrl treatment, whereas Ad-shFoxq1 treatment did not affect expression levels of the gluconeogenic genes were increased in Ad-shFoxq1 treated mice compared with control (Ad-shCtrl) (Fig. 5a ). The mice infected with Ad-shFoxq1 displayed higher fasting blood glucose (Fig. 5b) . Moreover, hepatic FOXQ1 knockdown impaired glucose tolerance (Fig. 5c ), while it did not alter insulin sensitivity (Fig. 5d) . However, knockdown of FOXQ1 did not significantly affect body weight, liver weight/ body weight ratio, circulating or hepatic cholesterol, NEFA and triacylglycerol concentration (ESM Table 4 ), although Srebp-1c was modestly increased in these mice (ESM Fig. 5 ). These data suggest that FOXQ1 exerts a significant regulatory effect on hepatic gluconeogenesis.
FOXQ1 inhibits G6pc promoter activity through blocking FOXO1 binding to IRE via a physical interaction FOXQ1 belongs to the forkhead family of transcription factors which have a conserved forkhead/winged helix DNA-binding domain (DBD) [30] . The optimal DNA-binding sequence for FOXQ1 has been identified [31] . FOXQ1 recognises the same consensus sequence
FOXO1 has been shown to activate expression of Pck1 and G6pc through directly binding to IREs mapped in the promoters of these target genes [14, 15] . However, FOXQ1 may act as a transcriptional repressor [18, 22] . Thus, we first hypothesised that FOXQ1 may compete with FOXO1 for binding to the IRE of gluconeogenic genes. To test this hypothesis, we first performed a promoter-luciferase reporter gene assay in HepG2 cells. The transfection of FOXO1 expression plasmid alone into HepG2 cells led to a marked activation of the G6pc-Luc-922 reporter gene, whereas overexpression of FOXQ1 alone did not significantly inhibit its activity (Fig. 6a) . Next we performed EMSAs to determine whether FOXQ1 directly binds to the IRE of G6pc in vitro. As expected, FOXO1 proteins reacted with the biotin-labelled oligonucleotide probes, resulting in a shifted band. However, FOXQ1 proteins failed to bind to the DNA probes. Moreover, co-transfection of FOXQ1 reduced the formation of FOXO1-DNA protein complexes (Fig. 6a) . Additionally, our chromatin immunoprecipitation (ChIP) analysis failed to detect FOXQ1 proteins binding to the IRE of G6pc in primary hepatocytes (data not shown). These results ruled out the possibility that FOXQ1 competes with FOXO1 for direct binding to the IRE of gluconeogenic genes. Seoane et al reported that FOXG1 abolishes FOXOmediated induction of cyclin-dependent kinase inhibitor (p21Cip1) through antagonising FOXO1 activity [32] . This prompted us to explore the possibility that FOXQ1 may directly interact with FOXO1 in vivo, thereby forming a complex and interfering with FOXO1 activity. To test this idea we first examined transactivation of FOXO1 and FOXQ1 using a luciferase reporter gene driven by three tandem repeats of IRE (pGL2-3×IRE) in HepG2 cells. The transfection of FOXO1 into HepG2 cells caused an approximately sevenfold activation of the pGL2-3×IREs reporter gene (Fig. 6b) . Co-transfection of FOXQ1 expression plasmids completely abolished FOXO1 activation of pGL2-3×IREs reporter (Fig. 6b) .
Similar results were obtained using G6pc-Luc-922 reporter (Fig. 6c) . To further confirm that IRE is essential for FOXO1-and FOXQ1-mediated G6pc gene transcription, a series of truncated segments of the G6pc promoter were fused to the luciferase gene (G6pc-Luc-300, G6pc-Luc-133) and transfected into HepG2 cells. As a result, FOXQ1 still antagonised FOXO1 action on the G6pc-Luc-300 reporter, which contained the IRE. However, when the reporter gene was further truncated to −133 bp, deleting the IRE, FOXO1 and FOXQ1 failed to control its activity (Fig. 6c) . Similar results were obtained for G6pc-Luc-922 mutant (mut) reporter (Fig. 6c) , in which the IRE of the G6pc promoter was mutated. To further confirm the interplay between FOXO1 and FOXQ1 in cells, HepG2 cells were transfected with FOXO1 and/or FOXQ1 expression plasmids. As expected, overexpression of FOXO1 stimulated G6pc expression, while FOXQ1 inhibited FOXO1-induced G6pc gene expression (Fig. 6d) . Similar data were observed in primary hepatocytes infected with Ad-Foxo1 and/or Ad-Foxq1 (Fig. 6e) . Functional studies also confirmed that FOXQ1 antagonised FOXO1 stimulation of cellular glucose production in primary hepatocytes (Fig. 6f) .
Finally, we performed a ChIP assay to examine whether FOXQ1 proteins block FOXO1 binding to the IRE of G6pc. As a result, Ad-Foxo1 infection promoted FOXO1 binding to the IRE of G6pc, while co-infection by Ad-Foxq1 completely blocked FOXO1 binding (Fig. 6g) . Collectively, these results suggest that FOXQ1 antagonises FOXO1-mediated transcription of gluconeogenic genes.
To further characterise how FOXQ1 antagonises FOXO1 activity, we sought to investigate whether FOXQ1 directly binds to FOXO1. To test this possibility, we transiently expressed myc-HA-tagged FOXO1 and myc-tagged FOXQ1 in HEK293A cells. Immunoprecipitation with anti-FOXQ1 antibodies also pulled down FOXO1 protein, as assessed by western blot analysis (Fig. 7a) , indicating that these two proteins formed a complex in vivo. Given that FOXO3, a member of the FOXO subfamily, shares high homology with FOXO1, we next explored whether FOXQ1 also binds to FOXO3 in vivo. However, as shown in Fig. 7b , we could not detect the interaction between flag-tagged FOXO3 and FOXQ1, indicating that FOXQ1 specifically interacts with FOXO1 in vivo.
To further confirm a direct physical interaction between FOXQ1 and FOXO1, we performed an in vitro interaction assay using recombinant GST-FOXQ1 fusion proteins. This analysis showed that GST-FOXQ1, but not GST alone, bound to full-length FOXO1 (Fig. 7c) . To identify the domain of FOXO1 responsible for the interaction with FOXQ1, three flag-tagged fusion plasmids were generated containing amino acids 1-145 (N-terminus), amino acids 146-274 (DBD) and amino acids 1-274 (N+DBD) of FOXQ1. Subsequent GST pull down experiments indicated that the DBD of FOXO1 mediates its interaction with FOXQ1 (Fig. 7d) . These data illustrate that FOXQ1 directly interacts with the DBD of FOXO1 and inhibits FOXO1-mediated induction of G6pc expression.
Based on our data, combined with that of previous reports [33, 34] , we propose a model for the mechanism of FOXQ1 action on hepatic gluconeogenesis (Fig. 8) .
Discussion
Members of the forkhead box family share a highly conserved DBD, and a core FOXQ1 binding sequence (TGTTTA) has been identified [31] , which is highly similar to the IRE identified in the G6pc gene promoter. However, our data (from luciferase reporter gene assay, EMSA, ChIP and GST pull down experiments) indicate that FOXQ1 exerts its inhibitory effects on the expression of gluconeogenic genes through blocking FOXO1 binding to these genes via a physical interaction with the DBD of FOXO1, rather than by directly interacting with the promoter region of gluconeogenic genes. Notably, although our data show that FOXQ1 antagonises FOXO1 activity on gluconeogenic genes, we cannot rule out the possibility that FOXQ1 may regulate expression of gluconeogenic genes via other mechanisms. For example, FOXQ1 may control expression and/or activity of other factors, including hepatic nuclear factor-4 (HNF4), the glucocorticoid receptor (GR) and cAMP responsive element binding protein (CREB), which have been shown to regulate gluconeogenic genes [3, 35] . Further studies are needed to clarify this. We found that hepatic FOXQ1 is regulated by fasting and pathophysiological status (insulin resistance and diabetes). In the fasted state insulin levels drop while secretion of glucagon and glucocorticoids increase, resulting in increased hepatic gluconeogenesis [3, 36] . Our data indicates that glucocorticoids, rather than glucagon or insulin, regulate the expression of FOXQ1. Moreover, glucocorticoid levels have been shown to be increased in insulin-resistant and glucose-intolerant individuals [37, 38] . Notably, further studies are required to determine whether FOXQ1 is required for the effects of glucocorticoids on gluconeogenic gene expression in primary hepatocytes after knocking down FOXQ1 expression. Thus, decreased FOXQ1 expression in the liver of mice with insulin resistance might result from increased glucocorticoid levels. Similarly, the reduction in FOXQ1 expression in fasted normal mice may result from an increase in glucocorticoid effect, rather than loss of insulin effect. Glucocorticoids mediate their physiological effects through binding to the GR. Upon glucocorticoid binding in the cytosol, GR translocates into the nucleus where it regulates expression of its target genes via direct DNA binding [39] . Further studies are required to determine whether glucocorticoids/GR inhibit FOXQ1 expression in a direct or indirect manner.
The role of FOXO1 in regulating hepatic lipid homeostasis and metabolism remains controversial. Previous studies indicate that FOXO1 overexpression in the liver increased hepatic triacylglycerol content, owing to increased triacylglycerol synthesis [40, 41] , while recent studies suggest that FOXO proteins suppress hepatic lipogenesis and triacylglycerol levels [42, 43] . In this study we show that overexpression of FOXQ1 decreases hepatic and serum triacylglycerol contents in db/db and DIO mice. Further studies are needed to clarify the molecular mechanisms underlying FOXQ1-mediated changes in hepatic or serum triacylglycerol levels.
Decreased FOXQ1 expression might be an underlying factor for increased hepatic gluconeogenesis and the development of diabetes. Thus our study provides a novel therapeutic target for the treatment of type 2 diabetes, demonstrating that small molecules that induce increases in FOXQ1 levels may have potential for use as treatment of this disease. Fig. 8 Proposed model of FOXQ1-mediated repression of hepatic gluconeogenesis. Under feeding conditions, activated Akt (by insulin) phosphorylates FOXO1, which induces 14-3-3 protein binding to phospho-FOXO1 and promotes its nuclear export, subsequently leading to its proteasomal degradation in the cytoplasm. Meanwhile, FOXQ1 proteins are increased and form complexes with non-phospho-FOXO1, blocking FOXO1 activity on hepatic gluconeogenesis and maintaining glucose homeostasis. However, under certain pathophysiological conditions (insulin resistance and diabetes) or the fasting state, Akt activity is inhibited and FOXQ1 protein levels decrease, allowing FOXO1 to bind to gluconeogenic genes, contributing to hepatic glucose production
